The RNA recognition motif (RRM) binds to single-stranded RNA target sites of diverse sequences and structures. A conserved mode of base recognition by the RRM involves the simultaneous formation of a network of hydrogen bonds with the base functional groups and a stacking interaction between the base and a highly conserved aromatic amino acid. We have investigated the energetic contribution of the functional groups involved in the recognition of an essential adenine, A6, in stem±loop 2 of U1 snRNA by the N-terminal RRM of the U1A protein. Previously, we found that elimination of individual hydrogen bond donors and acceptors on A6 destabilized the complex by 0.8±1.9 kcal/ mol, while mutation of the aromatic amino acid (Phe56) that stacks with A6 to Ala destabilized the complex by 5.5 kcal/mol. Here we continue to probe the contribution of A6 to complex stability through mutation of both the RNA and protein. We have removed two hydrogen-bonding functional groups by introducing a U1A mutation, Ser91Ala, and replacing A6 with tubercidin, purine, or 1-deazaadenine. We ®nd that the complex is destabilized an additional 1.2±2.6 kcal/mol by the elimination of the second hydrogen bond donor or acceptor. Surprisingly, deletion of all of the functional groups involved in hydrogen bonds with the U1A protein by substituting adenine with 4-methylindole reduced the binding free energy by only 2.0 kcal/mol. Experiments with U1A proteins containing mutations of Phe56 suggested that improved stacking interactions due to the greater hydrophobicity of 4-methylindole than adenine may be partly responsible for the small destabilization of the complex upon substitution of 4-methylindole for A6. The data imply that hydrophobic interactions can compensate energetically for the disruption of the complex hydrogen-bonding network between nucleotide and protein.
INTRODUCTION
RNA forms complex secondary and tertiary structures that provide diverse targets for RNA-binding proteins (1) . Speci®c recognition of RNA by proteins occurs primarily at nonhelical structures because the major groove of the A-form RNA helix is narrow and deep, limiting access by proteins, while other RNA structures present unique arrays of functional groups for sequence-and structure-speci®c binding (2) . Since the RNA is not helical, interactions between the protein and RNA may be formed using functional groups that would normally be involved in maintaining the structure of the helix. For example, the base functional groups involved in Watson±Crick hydrogen bonds in the helix are available for hydrogen bonding to the protein and RNA bases are able to participate in stacking interactions with aromatic amino acid side chains without the energetic penalty of helix disruption. Thus, the complexes formed between RNA and proteins can involve more varied and extensive networks of interactions than are found in complexes formed between helical DNA and proteins (3, 4) .
The RNA recognition motif (RRM), also called the RNAbinding domain (RBD) or the RNA nucleoprotein (RNP) domain, is a ubiquitous RBD found in many proteins involved in gene expression (5) . The RRM is comprised of 90±100 amino acids that form an antiparallel beta sheet supported by two alpha helices (6) . This basic structure is modi®ed by different RRMs to recognize diverse single-stranded RNA targets, often with high speci®city. Three of the most highly conserved amino acids that contact RNA are aromatic (7) . Structural studies of RRM±RNA complexes have shown that these conserved aromatic residues participate in stacking interactions with RNA bases, suggesting that stacking interactions are important contributors to non-speci®c RNA binding by the RRM (8±15). The bases that stack with the conserved aromatic amino acids also form hydrogen bonds with the RRM and often stack with an adjacent base. As a result, these bases contact the RRM using both highly conserved stacking interactions and hydrogen bond networks unique to each particular RRM±RNA complex.
U1A is a protein component of U1 snRNP, a subunit of the spliceosome that splices most eukaryotic pre-mRNA (16) . The U1A protein contains two RRMs, but only the N-terminal RRM binds RNA (17, 18) . The U1A protein binds with high af®nity and speci®city to three target sites of nearly identical sequence, stem±loop 2 in U1 snRNA and two internal loop target sites in the 3¢-untranslated region of the pre-mRNA of the U1A protein (18, 19) . The U1A protein primarily associates with the loop regions of these target sites ( Fig. 1) (8, 9, 20) . The U1A protein has been structurally characterized alone and bound to stem±loop and internal loop target sites (8, 9, 20, 21) . The U1A protein contains two of the three highly conserved aromatic amino acids found in RRMs, Tyr13 and Phe56. Tyr13 stacks with C5 and Phe56 stacks with A6 in the RNA target sites (Fig. 1) (8, 9, 20) . Both C5 and A6 are involved in numerous hydrogen bonds with the U1A protein. A6 also stacks with C7, while C5 is exposed to water on one face. In the free protein, Phe56 interacts with residues in the C-terminal helix of the U1A protein, and these interactions must be disrupted for the complex to form. Although the loop regions of the free RNA target sites are not well-ordered, molecular dynamics simulations and NMR spectroscopy have suggested that most of the bases are directed towards the inside of the RNA loop and undergo large conformational changes upon binding to the U1A protein in order to be placed external to the loop as they are found in the complex (8,9,20,22±25) .
We have studied the binding of A6 in the U1A-stem±loop 2 complex as a model for the recognition of RNA bases by stacking interactions in RRM±RNA complexes. Previously, we determined that the conserved aromatic residue, Phe56, was essential for high binding af®nity and contributed indirectly to speci®c target site recognition (26, 27) . A6 is also important for the stability of the complex (27±29). Mutation of A6 to any other base results in a 100 000-fold increase in the equilibrium dissociation constant of the complex (27, 28) . We replaced A6 with modi®ed bases in which individual hydrogen-bonding functional groups were eliminated or replaced with hydrocarbon groups. These modi®cations led to a destabilization of the complex of between 0.8 and 1.9 kcal/mol (26, 27) . In addition to forming the interactions observed in the structure of the complex, the conserved aromatic amino acid and the A6 functional groups are likely to contribute to the stability of the free U1A protein and the free RNA target site and to participate in networks of cooperative interactions in both the free and bound components. The previous experiments described above measured all of the contributions of the protein or RNA modi®cation to binding af®nity and taken together, suggested that both the conserved aromatic amino acid and the hydrogen bond donor and acceptor groups on A6 are important for complex formation.
In this paper, we have eliminated the hydrogen bond network between A6 and the U1A protein in order to investigate the ability of the conserved stacking interaction alone to stabilize the U1A-stem±loop 2 complex. To do this we have substituted the non-polar base isostere 4-methylindole for A6 in stem±loop 2 RNA. Although the elimination of individual hydrogen-bonding functional groups destabilized the complex by 0.8±1.9 kcal/mol and the simultaneous elimination of a second hydrogen-bonding functional group resulted in a further destabilization of the complex of 1.2±2.6 kcal/mol, the substitution of A6 with 4-methylindole resulted in surprisingly little loss in binding energy, only 2.0 kcal/mol. Despite the modest destabilization of the complex upon incorporation of 4-methylindole into stem±loop 2 RNA, this substitution changed the relative binding af®nities of a series of U1A proteins mutated at Phe56 considerably. These experiments suggested that the ability of 4-methylindole to participate in stacking interactions due to its hydrophobicity might compensate for the energetic penalty that results from eliminating functional groups from A6.
MATERIALS AND METHODS

RNA synthesis
1-Deazaadenosine was synthesized by published methods, while purine riboside and tubercidin were purchased from Sigma (30) . The phosphoramidites were synthesized by published methods (31). 4-Methylindole deoxynucleoside phosphoramidite was purchased from Glen Research. The RNA stem±loop was chemically synthesized on an Applied Biosystems ABI 394 automated DNA/RNA synthesizer using Pac-A, iPr-Pac-G, Ac-C and U phosphoramidites from Glen Research (31) . To prevent oxidation of 4-methylindole, 0.02 M I 2 was used during RNA synthesis. The RNA was deprotected by published methods and puri®ed using denaturing gel electrophoresis as reported previously (27) . Concentrations were determined by UV at 260 nm. Correct composition was con®rmed by MALDI mass spectrometry and enzymatic hydrolysis.
Peptide synthesis and puri®cation
An expression vector for the N-terminal RRM of the U1A protein, U1A101, was obtained from Nagai (32) . Ser91Ala, Thr11Val, Phe56His, Phe56Leu, Phe56Tyr, Phe56Trp and Phe56Ala mutations were introduced using standard Kunkel mutagenesis procedures (33) . The proteins were expressed and puri®ed as reported previously (27) . The concentration of each protein was determined by amino acid analysis and the molecular weight by MALDI mass spectrometry.
Equilibrium binding assays
Peptide±RNA equilibrium dissociation constants were measured by gel mobility shift assays (27, 34) . Reactions were equilibrated at 25°C for at least 30 min in 10 mM Tris±HCl (pH 7.4), 250 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mg/ml tRNA, 25 pM 32 P-labeled stem±loop 2 RNA in a total volume of 10 ml. After addition of glycerol to a ®nal concentration of 5%, the reactions were loaded on an 8% polyacrylamide gel (80:1 mono:bisacrylamide, 15 Q 40 cm Q 1.5 mm) in 100 mM Tris±borate (pH 8.3), 1 mM EDTA, and 0.1% Triton X-100 for 1 h at 350 V. The temperature of the gel was maintained at 25°C by a circulating water bath. Gels were analyzed on a Molecular Dynamics Storm phosphorimager. Fraction RNA bound versus protein concentration was plotted and curves were ®t to the equation: fraction bound
RESULTS
Elimination of two functional groups involved in the hydrogen-bonding network between A6 and the U1A protein A6 of stem±loop 2 RNA participates in three hydrogen bonds with the U1A protein ( Fig. 2 ). N1 hydrogen bonds to the side chain of Ser91, N7 forms a water-mediated hydrogen bond with Thr89, and the 6-amino group forms a hydrogen bond with the carbonyl of Thr89 (8). Previously we replaced A6 with the modi®ed bases tubercidin, purine and 1-deazaadenine (c 1 A), shown in Figure 3 (26, 27) . Two functional groups that form hydrogen bonds between A6 and the U1A protein were simultaneously modi®ed by forming complexes between Ser91Ala and stem±loop 2 target sites containing A6purine or A6tubercidin substitutions. The Ser91Ala mutation should eliminate the hydrogen bond formed between N1 of A6 and the side chain of Ser91. The Ser91Ala-stem±loop 2 complex was destabilized by 2.2 kcal/mol compared with the wild type complex (Table 1 ). This decrease in binding af®nity was nearly identical to that observed for the complex formed between wild type U1A protein and A6c 1 stem±loop 2 RNA (27) . An identical binding constant was measured for the complex formed between Ser91Ala and A6c 1 stem±loop 2 RNA. Thus, the same destabilization was observed whether the hydrogen-bonding functional group was eliminated from the protein or the RNA or from both simultaneously.
The hydroxyl group of Ser91 also forms a hydrogen bond with Thr11 ( Fig. 2) (8) . The decrease in stability of the Ser91Ala-stem±loop 2 complex will have contributions from the elimination of the Ser91±Thr11 hydrogen bond. In order to learn more about the effect of Thr11 on the energetic contribution of A6 functional groups to binding, we substituted Val for Thr11 and measured the af®nity of Thr11Val for stem±loop 2 RNAs containing modi®ed adenines at position 6. The results of these experiments are reported in Tables 1 and  2 . The Thr11Val-stem±loop 2 complex was 4.5 kcal/mol less stable than the wild type complex, consistent with previous reports (28, 35) . The Thr11Val-stem±loop 2 complex was destabilized by 1.1 kcal/mol upon substitution of 1-deazaadenine for A6, by 0.7 kcal/mol upon substitution of purine for A6, and by 0.8 kcal/mol upon substitution of tubercidin for A6. Although we do not know from our experiments the effect of the Thr11Val mutation on the structures of the free protein or complex, the destabilization of the complex with each base substitution suggests that each adenine functional group remains important for binding in the Thr11Val-stem±loop 2 complex.
The Ser91Ala-stem±loop 2 complex is destabilized by the incorporation of either tubercidin or purine at position 6 in stem±loop 2 RNA (Tables 1 and 2 ). Thus, the complexes in which two hydrogen-bonding functional groups have been eliminated are less stable than those in which only one hydrogen-bonding functional group has been eliminated. The destabilization that resulted from elimination of the 6-amino group on A6 was larger in the complex with the wild type protein than in the complex with Ser91Ala (Table 2 ). In contrast, the destabilization that resulted from elimination of N7 in A6 was smaller in the complex with the wild type protein than in the complex with Ser91Ala. The different magnitudes of destabilization that result from each base substitution in the complexes formed with the wild type and Ser91Ala U1A proteins is not surprising since cooperativity between functional groups in DNA±protein and RNA±protein interfaces is common (36±40). Therefore, the loss in binding free energy observed when two hydrogen-bonding groups are eliminated is rarely equal to the sum of the loss in binding energy observed when each hydrogen-bonding functional group is eliminated individually. In addition, the dependence of the pK a of N1 on the identity of the ring may contribute to the different effects of the A6 base substitutions on the stabilities of the complexes formed with the wild type and Ser91Ala U1A proteins. The pK a of N1 in adenine is 3.5, while the pK a of N1 in purine is 2.1, and the pK a of N1 in tubercidin is 5.3 (41±44). The correlation between the acidity and basicity of hydrogen-bonding groups and the strength of the hydrogen bond formed has been investigated (45) . Hydrogen bond strength is more sensitive to changes in pK a in an aprotic solvent than in water. Within a folded protein structure the dependence of hydrogen bond strength on pK a can resemble the dependence observed in aprotic solvents, rather than in water (46) . It is likely that the environment around A6 in the U1A-stem±loop 2 complex is less polar than water. In the complex formed with wild type U1A protein, the incorporation of tubercidin should increase the strength of the hydrogen bond formed with N1, while incorporation of purine should decrease the strength of the hydrogen bond formed with N1. If a hydrogen bond is not formed with N1 in the complex with Ser91Ala, the pK a of N1 should not have a large effect on binding af®nity. Therefore, there is a correlation between the pK a of N1 and the different destabilizations observed when purine and tubercidin were substituted for A6 in the complexes formed with the wild type and Ser91Ala proteins.
Substitution of the non-polar base isostere 4-methylindole for A6
All of the functional groups on A6 that hydrogen bond to the U1A protein were eliminated by substituting 4-methylindole for A6 (Fig. 3) . Since 4-methylindole was incorporated as a deoxyriboside (dM), binding studies were performed with deoxyadenosine at position 6 (dA6) to demonstrate that removal of the 2¢-OH did not destabilize the wild type complex ( Table 3 ). The complex formed between wild type U1A protein and A6dM stem±loop 2 RNA was 2.0 kcal/mol less stable than that formed between wild type U1A protein and dA6 stem±loop 2 RNA. The substitution of Ala for Ser91 should be less destabilizing for the complex formed with A6dM stem±loop 2 RNA than for that formed with dA6 stem±loop 2 RNA because 4-methylindole cannot hydrogen bond to the hydroxyl group of Ser91. Indeed, Ser91Ala bound with identical af®nity to A6dM and dA6 stem±loop 2 RNAs.
Since A6 stacks with Phe56 and C7 in the U1A±RNA complex, substitution of the hydrophobic 4-methylindole for adenine may change the interactions of this residue with Phe56 and C7 (Fig. 1) . Previously we investigated the contribution of Phe56 to complex stability by substituting Trp, Tyr, His, Leu and Ala for Phe56 (26, 27) . Here we measured the ability of these mutant proteins to bind to stem±loop 2 RNA containing 4-methylindole at position 6 (Tables 3 and 4 ). The stabilities of the mutant protein-A6dM stem±loop 2 complexes were compared with the stabilities of the mutant protein-dA6 stem±loop 2 complexes (Table 3 ). The binding af®nities of the mutant peptides for the dA6 and wild type stem±loop 2 target sites were similar (26, 27) . The Phe56Trp, Phe56Tyr and Phe56His proteins bound with as high af®nity or nearly as high af®nity as the wild type protein to dA6 stem±loop 2 RNA (Table 4 ). In contrast, the complexes of the Phe56Leu and Phe56Ala proteins were destabilized by 3.8 and 5.5 kcal/mol, respectively, compared with the wild type complex. The substitution of adenine with 4-methylindole changed the relative binding af®nities of the proteins mutated at position 56 (Table 4) . Only the destabilization resulting from substituting Phe56 with Tyr was comparable in the complexes of dA6 and A6dM stem±loop 2 RNAs. Substitution of Trp for Phe56 resulted in a 1.4 kcal/mol destabilization of the complex with A6dM stem±loop 2 RNA, while Phe56Trp bound dA6 stem±loop 2 RNA with as high af®nity as the wild type protein. Substitution of Phe56 with His was also more destabilizing for the complex formed with A6dM than dA6 stem±loop 2 RNAs. In contrast, substitution of Phe56 with either Ala or Leu was less destabilizing for the complex formed with A6dM than dA6 stem±loop 2 RNAs. As a result, Phe56Leu bound with as high af®nity as the wild type U1A protein to A6dM stem±loop 2 RNA. 
DISCUSSION
The modi®cations of A6 and U1A amino acids discussed in this paper are likely to affect the structures and stabilities of the free RNA and the U1A protein as well as the structure and stability of the complex. In addition to the direct effect of the modi®cation on the interactions in which A6 or the U1A amino acid participates, the networks of cooperative interactions present in both the free and bound components should enable the modi®cations to indirectly affect binding af®nity. Since the binding free energy is the difference in the free energies of the free and bound components, the change in binding free energy that results from functional group modi®cation re¯ects all of the contributions, both direct and indirect, to the free energies of the free and bound components of the complex.
To probe the interdependence of the hydrogen bond donors and acceptors involved in hydrogen bonds between U1A and A6, two hydrogen-bonding functional groups were eliminated simultaneously, one from A6 (A6c 1 , A6tubercidin and A6purine) and one from U1A (Ser91Ala). The A6c 1 and Ser91Ala modi®cations eliminated functional groups involved in the hydrogen bond formed between N1 and Ser91 and there was no additional energetic penalty for incorporating both modi®cations at the same time. However, simultaneous incorporation of A6purine or A6tubercidin and Ser91Ala resulted in 1.3 and 2.7 kcal/mol greater destabilization of the complex than when either the RNA modi®cation or the protein mutation was incorporated separately ( Table 2 ). The energetic coupling between the hydrogen-bonding functional groups is dif®cult to estimate because modi®cation of the base changes the pK a of the remaining functional groups. However, removing the functional groups involved in two hydrogen bonds is more destabilizing than removing those involved in only one hydrogen bond. These results con®rm that correct recognition of A6 is essential for the stability of the U1A-stem±loop 2 complex. The sensitivity of binding to modi®-cations of A6 or amino acids that interact with A6 in the complex suggests that the binding reaction is not able to compensate for changes in complex, free RNA, or free protein structure at this position.
The substitution of 4-methylindole for A6 eliminates all of the functional groups on A6 that participate in hydrogen bonds with the U1A protein. 4-Methylindole mimics as closely as possible the size and shape of adenine in order to minimize changes in steric interactions that may be important for binding (47) . Since elimination of individual hydrogenbonding functional groups alone or in pairs signi®cantly destabilized the complex and substitution of any other base for adenine resulted in a 100 000-fold increase of the equilibrium dissociation constant of the complex, it is surprising that substitution of 4-methylindole for A6 only decreased binding af®nity by 2 kcal/mol. Similar non-polar base isosteres incorporated opposite a natural base in a DNA helix have been found to be more destabilizing to the helix than a mismatch (48, 49) . This large destabilization has been proposed to result from the loss of the Watson±Crick hydrogen bonds and from the energetically unfavorable desolvation of the polar base, which cannot form any hydrogen bonds with the non-polar base isostere in the helix. In contrast, the substitution of 4-methylindole for A6 is considerably less destabilizing than any of the natural base substitutions. Unfavorable desolvation of the amino acids that form hydrogen bonds with A6 in the wild type complex may be reduced in the U1A-A6dM stem±loop 2 complex by the greater accessibility to water and the greater¯exibility of the U1A amino acids than DNA bases in a helix.
Changes in the free energies of either the RNA or the complex as a result of the substitution of 4-methylindole for A6 could compensate for the loss of the functional groups from A6. The contribution of stacking interactions to RNA and DNA helices is often estimated from experiments in which a base is incorporated into a nucleoside that is dangled from the end of the DNA or RNA helix (50±52). Thermal denaturation is then used to measure the effect of the dangling base on the stability of the helix. Since the base has no hydrogen-bonding partner, any increase in stability compared with a duplex without the dangling base is ascribed to stacking interactions. Using this technique, Kool and co-workers (52) compared the stacking interactions of the natural bases and a series of non-polar base analogs. In general, the non-polar base analogs stabilized the helix by more than the natural bases, presumably due to increased hydrophobic effects. In particular, incorporation of 4-methylindole at each end of a helix stabilized the helix by 3.1 kcal/mol, while adenine only stabilized the helix by 2.0 kcal/mol. Since 4-methylindole is removed from water on both faces in the U1A-stem±loop 2 complex, a comparable or greater increase in stacking interactions would be expected in the U1A-stem±loop 2 complex. Since the RNA loop is dynamic in the free RNA (22±24,53), it is likely that 4-methylindole is more effectively removed from water in the complex than in the free RNA. Therefore, increased association of 4-methylindole with the U1A protein due to the greater hydrophobicity of 4-methylindole than adenine may contribute to the unexpected af®nity of the A6dM stem±loop 2 RNA for the U1A protein.
The experiments performed with U1A proteins containing mutations at Phe56, the residue that stacks with A6, largely support the compensation of the missing hydrogen-bonding functional groups by hydrophobic effects in the U1A-A6dM stem±loop 2 complex (Tables 3 and 4 ). Phe56Leu bound with 1.8 kcal/mol higher af®nity to A6dM stem±loop 2 RNA than to dA6 stem±loop 2 RNA, implying the hydrophobic residue Leu associates more tightly with the non-polar 4-methylindole than the polar adenine. Phe56Ala also bound with higher af®nity to A6dM than dA6 stem±loop 2 RNA, although the increase in binding af®nity was less than that observed for Phe56Leu. In contrast, Phe56His bound with 4.1 kcal/mol lower af®nity to A6dM stem±loop 2 RNA than to dA6 stem±loop 2 RNA, which suggests that placing the hydrophobic 4-methylindole next to the polar His is energetically unfavorable. However, the substitution of 4-methylindole for adenine was also destabilizing for the Phe56Trp-stem±loop 2 complex. Therefore, the destabilization of the Phe56His-and Phe56Trp-A6dM stem±loop 2 RNA complexes may arise from other sources besides stacking ability and hydrophobicity.
The results reported in this paper, along with those we reported previously, demonstrate that the binding of the U1A protein to stem±loop 2 RNA is sensitive to modi®cations of A6 and the amino acids that contact A6 in the complex. Despite this requirement for precise recognition of A6, the non-polar base isostere, 4-methylindole, may be substituted for A6 with relatively little loss in binding af®nity. The experiments performed with U1A proteins containing Phe56 mutations suggested that hydrophobic effects compensate, in part, for the loss of the functional groups on A6. Since most RRMs do not bind RNA with as high af®nity or speci®city as the N-terminal RRM of the U1A protein, the individual functional groups that participate in hydrogen bonds are likely to contribute less binding energy than those we have eliminated from A6 and the U1A protein. As a result, the incorporation of non-polar base isosteres may be less disruptive to most RRM±RNA complexes than we observed for the U1A-stem±loop 2 complex. In addition, other non-polar base analogs, especially those with extended aromatic rings, may form stronger interactions with RRMs than 4-methylindole. Thus, our experiments using the U1A±RNA complex as a model system suggest that improving stacking interactions by increasing the hydrophobicity of the aromatic groups may provide a general approach for stabilizing RRM±RNA complexes.
